Natural selection may often favor coordination between different traits, or phenotypic 16 integration, in order to most efficiently acquire and deploy scarce resources. As leaves are the 17 primary photosynthetic organ in plants, many have proposed that leaf physiology, biochemistry, 18 and anatomical structure are coordinated along a functional trait spectrum from fast, resource-19 acquisitive syndromes to slow, resource-conservative syndromes. However, the coordination 20 hypothesis has rarely been tested at a phylogenetic scale most relevant for understanding rapid 21 adaptation in the recent past or predicting evolutionary trajectories in response to climate change. 22
Introduction 34
The ecology of organisms critically depends on their ability to obtain energy for growth and 35
reproduction. In C 3 plants, both passive diffusion of CO 2 from the atmosphere to chloroplasts, 36 via stomata and the leaf mesophyll, and biochemical capacity limit photosynthetic rates 37 indicating that leaf-level CO 2 diffusion and biochemistry are major levers through which natural 45 selection and crop breeders can alter plant performance and fitness in different environments. For 46 example, selection might favor leaf traits that inhibit rapid CO 2 diffusion (e.g. lower stomatal 47 density or thicker leaves) if doing so has an adaptive benefit, bringing about a tradeoff (e.g. 48 sclerophyll leaves of species from water-limited environments [Medrano et al. 2009 
]). It is not 49
clear whether most functional trait variation between species lies along a single major axis (e.g. 50 fast-slow continuum [Reich 2014]) or orthogonally along multiple independent trait axes. 51
In particular, the presence of functional trait spectra has rarely been examined among 52
closely-related species in a phylogenetic context (Edwards et al. 2014; Mason & Donovan 2015) . 53
However, for certain ecological questions, data on genetically-based variation among closely-54 related species, rather than broad comparisons across disparate families and plant functional 55 types, are most appropriate (Donovan et al. 2014) . Specifically, ecological diversification is not 56 7 season. Plants were irrigated to field capacity daily to prevent drought stress and fertilized 126 weekly with an NPK solution. 127
Diffusional and biochemical constraints on photosynthesis and water-use efficiency 129
We measured stomatal (g s ), mesophyll (g m ) conductance to CO 2 , net CO 2 assimilation rate (A N ) 130 at ambient CO 2 concentrations, and intrinsic water-use efficiency (iWUE = A N /g sw ) using an 131 open-path infrared gas exchange analyzer (LI-6400 or LI-6400XT, LI-COR Inc., Lincoln, NE, 132 USA) with a 2-cm 2 leaf chamber fluorometer. Note that g s and g sw refer to stomatal conductance 133 to CO 2 and H 2 O, respectively. Each leaf acclimatized in the chamber until steady state (usually 134 15-30 min) under standardized conditions: ambient CO 2 (C a = 400 ppm); constant leaf 135 temperature (T leaf = 25° C), saturating irradiance (photosynthetically active radiation, PAR = 136 1500 µmol quanta m -2 s -1 ), and moderate humidity (relative humidity = 40-60%). We took point 137 measurements of all traits under these steady-state conditions. Additionally, we calculated the 138 maximum rate of carboxylation (V cmax ) using A-C c curves and leaf dark respiration (R dark ) at 139 predawn. Estimating g m can be particularly sensitive to assumed parameter values. To accurately 140 measure g m we estimated species-specific parameters of leaf respiration, light 141 absorptance/photosystem partitioning, and Rubisco kinetic parameters. Further detail on 142 measuring g m using combined gas exchange and chlorophyll fluorescence is provided in 143 Methods S1. To investigate Rubisco kinetics, we also sequenced the rbcL gene encoding the 144
Rubisco large subunit (LSu) from each species to identify amino acid sequence changes that 145 could alter Rubisco kinetics (see Methods S1 for further detail). Next, we characterized Rubisco 146 kinetic parameters directly from two species (S. lycopersicum var. esculentum, cv. 'Roma VF' 147 and S. lycopersicoides) representing the two Rubisco LSu types identified from sequenceanalysis (Methods S1). Kinetic properties of the two Rubisco LSu types were compared using 149
ANOVA. 150

Leaf anatomical measurements 152
We used the youngest, unshaded, fully-expanded leaf from each individual. Leaves were 153 immediately weighed and scanned to obtain fresh mass (FM) and leaf area (LA), respectively. 154
Afterwards, leaves were dried for at least 48 h in a drying oven at 60 °C to obtain dry mass 155 (DM). We report LMA (as DM/LA) on whole leaves, which in tomato are pinnately compound, 156 but we excluded structural, non-laminar portions (petiole, rachis, and petioules) because we were 157 particularly interested tradeoffs between leaf structure and diffusive conductance within the 158 lamina. Because leaf thickness measurements using a micrometer are unreliable in tomato leaves 159 (C.D. Muir, pers. obs), we estimated leaf thickness (LT) using the method of Vile et al. (2005) : 160
LDMC is the leaf dry matter content, the ratio of leaf DM to saturated FM. Leaf thickness 161 calculated using Eq. 1 is closely correlated with leaf thickness measured from sections in 162 tomatoes (Muir et al. 2014) . We obtained leaf morphological data from 80 of 82 individuals. 163
164
Statistical analyses 165
We used phylogenetic linear mixed effects models (`phyloLME') to estimate key relationships 166 among traits while accounting for phylogenetic nonindependence. Specifically, we fit statistical 167 models using a Bayesian Markov chain Monte Carlo (MCMC) algorithm implemented in the R 168 package MCMCglmm version 2.21 (Hadfield 2010). For all models, we ran the MCMC chain 169 under diffuse priors for 10 6 steps after a burn-in of 10 5 steps, sampling the posterior distribution 170 significantly correlated with A N and iWUE. These variables were log-transformed for linearity 172 and homoscedasticity. We estimated the effect of these diffusion traits on A N and iWUE from the 173 mode of the posterior distribution and inferred statistical significance if the 95% highest 174 posterior density (HPD) interval did not overlap zero. We simultaneously tested whether 175 phylogeny explained photosynthetic trait variation by including Species as a phylogenetically-176 structured random effect and compared that to a model without Species using the deviance 177 information criterion (DIC), where a decrease of 2 or more is interpreted as a significant increase 178 in model fit. We used a maximum likelihood phylogenetic tree inferred from 18 genes ( We used principal component analysis (PCA) to identify major axes of variation among 183 nine leaf traits: g m , g s , A N , V cmax , R dark , iWUE, LMA, LT, LDMC. All traits except V cmax and R dark 184
were log-transformed to make the distribution approximately multivariate normal. Parallel 185 analysis of the trait correlation matrix using the 'parallel' function from the R package nFactors 186 version 2.3.3 (Raiche 2010) indicated that the first four principal components explained 187 significantly more variance, 90.0% cumulatively, than expected by chance from an uncorrelated 188 matrix with rank 7 (we used 9 traits, but iWUE and LT are linear combinations of other traits). 189
We focus on the first principal component, denoted PC1, which explained a moderate amount of 190 
We also performed analyses with and without this species. We obtained mean annual 
Results
208
CO 2 diffusion and biochemistry limit photosynthesis and alter water-use efficiency 209
Tomato species vary considerably in photosynthetic rate (A N ) and intrinsic water-use efficiency 210 (iWUE), driven by constraints on leaf CO 2 diffusion and the maximum rate of carboxylation 211 (V cmax ). Phylogenetic linear mixed effects models (`phyloLME') showed that between individual 212 plants, stomatal (g s ) and mesophyll (g m ) conductance increased A N (Table 1; Figure 2A ,B), but 213 had opposing effects on iWUE (Table 1) . However, phylogenetic relationship explained little ofthe trait variation, thus phylogenetic and nonphygenetic gave nearly identical results (Table 1 ).
Increased g s was associated with lower iWUE (Figure 2C ), whereas greater g m was associated 216 with greater iWUE ( Figure 2D ). Like g m , greater biochemical capacity, as indicated by V cmax , was 217 associated with significantly greater A N and iWUE (Figure 2) . Thus, species achieved high 218 photosynthetic rates via two routes: high g s , but lower iWUE or high g m , but relatively high 219 iWUE. The drawdown of CO 2 concentration from the leaf interior (C i ) to the chloroplast (C c ), 220
another indicator of diffusional constraint in the leaf mesophyll, was even more strongly 221 correlated with iWUE than g m ( Figure S1 ), arguing that reduced internal diffusion enhances 222
iWUE. 223 224
Limited variation in Rubisco biochemistry between tomato species 225
The two Rubisco LSu types showed significant differences in some of the kinetic parameters 226 (Table 2 ; see Methods S1 for description of how types were identified and Results S1 for further 227 detail on molecular evolution of rbcL in tomatoes). Interestingly, the Rubisco LSu type 2, which 228 occurred in the domesticated clade species (S. pimpinellifolium, S. cheesmaniae, S. galapagense, 229 S. lycopersicum var. cerasiforme, and the cultivars; see Figure S2 ) and S. habrochaites, had a 230 higher S c/o value, which was due to higher Michaelis-Menten constant for CO 2 under atmospheric 231 conditions (K c air ) and lower catalytic turnover rate for the oxygenase reaction (k cat o ) compared to 232 the Rubisco LSu type 1. Non-significant differences were observed between the two Rubisco 233
LSu types in the remaining kinetic parameters. 234 physiology (g m , g s , A N , V cmax , R dark , iWUE) and bulk anatomy (LMA, LT, LDMC). On one end of 238 this axis were thin leaves with fast CO 2 diffusion and high A N ; on the other were thick leaves 239 with slower CO 2 diffusion and lower A N (Figure 3 ). This principal component indicates an axis 240 of leaf trait variation likely mediated by tradeoffs between more robust leaf structure (i.e. higher 241 LMA and LT) and CO 2 diffusion. However, the modest amount of trait variance explained 242
indicates that this tradeoff does not tightly constrain leaf trait evolution in tomatoes. The second 243 principal component (PC2; 23.8% variance explained) was most strongly associated with iWUE 244 and showed that greater iWUE was associated with higher water content (lower LDMC) leaves 245
(Figure 3). 246 247
Limited evidence leaf trait-climate associations 248
Contrary to the hypothesis that dry, hot environments select for a stress-tolerant, robust leaf 249 structure, thinner leaves and more rapid CO 2 diffusion (i.e. higher values of PC1) was associated 250 with drier habitats (PC1-Precip, P = 0.012), but not temperature (PC1-Temp, P = 0.069). 251
However, this correlation between PC1 and precipitation was strongly influenced by a single 252
species, S. juglandifolium (Figure 4), and was not significant if this species was removed (PC1-253
Precip, P = 0.266). Certain traits that loaded strongly with PC1, especially LMA and LT, were 254 strongly associated with precipitation. Specifically, species from the driest habitats had the 255 thinnest leaves, even when S. juglandifolium was excluded ( Figure S3 ). Our data therefore do not 256 support the hypothesis that species tradeoff slow CO 2 diffusion and lower metabolic rates for 257 robust leaf structure in stressful environments. All trends in the data are actually in the exact 258 opposite direction. photosynthesis by reducing CO 2 diffusion and that there is strong selection for tight coordination 268 between CO 2 diffusion and biochemical capacity for photosynthesis. These assumptions have 269 been evaluated at broad phylogenetic scales, but rarely addressed among closely-related species. 270
This is important because patterns among distantly related species can be driven primarily by 271 disparate functional groups (e.g. deciduous versus evergreen species) that have little bearing on 272 the incremental evolutionary steps taken as species adapt to new environments. 273
In tomatoes, we found evidence for a 'fast-slow' spectrum mediated by 274 diffusional/biochemical constraints and leaf structure, but this spectrum explained a modest 275 amount of total leaf trait variation. There is no precise prediction for exactly how much 276 coordination we should have seen under the coordination hypothesis, but variation was well-277 distributed across the first four components, indicating multiple important axes. Furthermore, 278 although thicker leaves with greater LMA were associated with reduced CO 2 diffusion, the 279 relationships were weak ( Figure S4 ), demonstrating ample scope for thick and/or dense leaves to 280 have relatively high diffusion and vice versa. Finally, lack of coordination cannot be explained 281 common ancestor, we observed a dramatic range in traits like A N (6.4 -33.0 µmol CO 2 m -2 s -1 ) in 283 wild tomatoes. In fact, our study should have been especially able to detect coordination, if it 284 existed, because we measured plants with similar growth form and functional type in a common 285 garden at the same age, eliminating sources of variation common in other studies. The lack of 286 tight coordination between leaf structure, CO 2 diffusion, and photosynthetic biochemistry means 287 there may be multiple, loosely coordinated axes of leaf trait variation that provide a substrate for 288 labile, unconstrained evolution in response to novel selective pressures from climate change and 289 crop breeders. 290
In fact, many combinations of stomatal conductance (g s ), mesophyll conductance (g m ), 291
and V cmax resulted in similar photosynthetic rates but very different water-use efficiencies ( Figure  292 2). Typically, we expect that to increase photosynthetic rate, plants must increase stomatal 293 conductance, increasing transpirational loss and decreasing water-use efficiency. If mesophyll 294 conductance and biochemical capacity were closely coordinated with stomatal conductance, then 295 there would be limited opportunity to increase water-use efficiency without sacrificing 296 photosynthetic rate. However, we find that there may be substantial scope to increase 297 photosynthetic rate while maintaining high water-use efficiency. Indeed, photosynthetic rate and 298 water-use efficiency were essentially uncorrelated. This axis of variation was evident in a second 299 principal component that loaded positively with iWUE but was orthogonal to A N (Figure 3) . Why 300 don't all species have high photosynthetic rate and water-use efficiency? In nature, there are 301 probably other tradeoffs, especially nitrogen limitation, that prevent species from having greater 302 mesophyll conductance and/or V cmax . 303
Photosynthetic variation in tomatoes is primarily mediated by anatomical differences in 304 leaves rather than differences in Rubisco kinetics. In contrast to other clades of C 3 plants thatRubisco kinetics (e.g. faster rates of carboxylation or greater affinity for CO 2 over O 2 ) do not 307 appear to play a major role in the evolution of tomatoes. This contrasts with other plant groups 308
like Limonium , which underwent adaptive evolution of Rubisco kinetics 309 during their radiations into novel environments. Future work is needed to understand why some 310 clades respond to selection through changes in protein biochemistry, whereas groups like tomato 311 seem to primarily differ in anatomical traits. 312
We also find no evidence that drier or hotter environments favor robust leaf structure or 313 'slow', resource conservative strategies (low conductance, low V cmax ) in wild tomatoes (Figure  314 4). Obviously, our study does not have the statistical power of broad comparative analyses (e.g. 315
Wright et al. 2005 ), but the trends in the data were not even in the predicted direction. If 316 anything, there was a tendency for species from the driest habitats to be on the 'fast' end of the 317 leaf trait spectrum (see also Easlon & Richards 2009), but this was largely influenced by a single 318 species, S. juglandifolium. Thus, tomato species in dry habitats may rely primarily on a form of 319 drought tolerance, growing fast when water is available and dying back or going dormant during 320 droughts. Alternatively, leaf traits may be decoupled from other traits (e.g. root:shoot ratios) that 321 confer alternative drought avoidance or tolerance mechanisms. 322
The modest coordination we observe between leaf structure and physiological function 323
indicates that bulk structural traits like leaf mass per area are probably insufficient to identify the 324 most important axes of trait variation ( Figure S4 be a different tradeoff that could be evolutionarily important in some taxa, but not others. 331
From the modest coordination between leaf structure and function in wild tomatoes, we 332 can make three major conclusions: 333 A. B. C.
D. E. F.
A. shows the predicted N at a given g s with g m and V cmax set to the predicted value at a given g s . 533
All slopes were significantly different than zero (P < 0.0001) based on 10 4 MCMC samples from 534 the posterior distribution of the model. 535 
Gas exchange 593
We used an open path infrared gas exchange analyzer with a 2-cm 2 leaf chamber fluorometer 594 (LI-6400-40, LI-COR Inc., Lincoln, NE, USA) to simultaneously measure leaf gas exchange and 595 chlorophyll a fluorescence. To minimize leaf position and age effects, all measurements were 596 made on young, fully-expanded leaves ( = 4.3, range = [3, 5]). The ambient CO 2 concentration 597 in the chamber (C a ) was 400 µmol CO 2 mol -1 air, leaf temperature was 25° C, photosynthetic 598 photon flux density (PPFD) was 1500 µmol m -2 s -1 with 90:10 red:blue light, and relative 599 humidity was between 40 -60%. Once a leaf reached steady-state photosynthesis (A) and 600 stomatal conductance (g s ), usually after ~30 min, we measured the response to changing 601 substomatal CO 2 concentrations (C i ) by adjusting the ambient CO 2 concentration in the leaf 602 chamber (C a ). We used 11 concentrations between 0 and 1750 µmol CO 2 mol -1 air. The flow rate 603 was 300 µmol s -1 . Diffusional leaks for CO 2 were corrected for using the methods of Rodeghiero 604 et al. (2007) . We observed no differences between diffusion coefficients calculated for leaves of 605 different species or an empty chamber (data not shown). 606
From fluorescence measurements and A -C i curves, we determined the net CO 2 607 assimilation rate at C a = 400 µmol CO 2 mol -1 air (A N ), stomatal conductance (g s ), mesophyll 608 conductance to CO 2 (g m ), and the maximum rate of carboxylation (V cmax ). For all analyses, we 609 used g s and g m at ambient C a (400 +/-5 µmol CO 2 mol -1 air) because these values are most 610 ecologically relevant and allowed us to directly analyze how g s and g m limited A N. Photosynthetic 611 rate and stomatal conductance are estimated directly from gas exchange measurements. We 612 estimated mesophyll conductance using from the equation (Harley et al. 1992) : 613 (S1)
We measured the mitochondrial respiration rate (R dark ) for each plant at predawn and used the 614 common assumption R d = R dark / 2. As described below, we measured the chloroplastic CO 2 615 compensation point (Γ * ) in vitro from two species, S. lycopersicoides and S. lycopersicum var. 616 esculentum cv. 'Roma', one each from the two LSu amino acid sequences among tomato species 617 (see Results). For S. lycopersicoides (Rubisco LSu Type 1, Figure S2 ), we estimated Γ * = 40.46 618 µmol CO 2 mol -1 air; for S. lycopersicum (Rubisco LSu Type 2, Figure S2 ) we estimated Γ * = 619 35.39 µmol CO 2 mol -1 air. These values were applied to the other species with the same Rubisco 620
LSu Type ( Figure S2) . 621
The electron transport rate of photosystem II (J f ) was calculated from fluorescence 622 measurements as , where Φ PSII is the quantum yield (moles of CO 2 fixed per mole 623 of quanta absorbed) of photosystem II, I is irradiance, α is the leaf light absorptance, and β is the 624 photosystem partitioning factor. Φ PSII was estimated from the chlorophyll fluorescence data. We 625 estimated the product αβ separately for each species using the relationship 626 under nonphotorespiratory conditions (Genty, Briantis & Baker, 1989) . To vary the quantum 627 yield, we measured photosynthetic light response curves under 2% O 2 . In summary, we 628 incorporated data on species-specific respiration (R d ), Rubisco kinetics (Γ * ), and light 629 absorptance/photosystem partitioning (αβ) to improve the accuracy of g m estimates. were performed at 25ºC.species, and from which the domesticated tomato was originated. Also, the lack of DNA 703 mutations in the rbcL among those species could reflect a very recent occurrence of this Rubisco 704
